INTRODUCTION
Binaries have made great contributions to stellar fundamental parameters and evolutionary models. Eclipsing binaries are systems whose component stars eclipse mutually along the line of sight to the observer. Light curves of eclipsing binaries contain information on orbital inclination, eccentricity, brightness ratio, relative stellar sizes, etc. Mass and radius can be determined to high accuracy by combining radial velocity and multi-band photometry (Andersen 1991) . With accurate fundamental parameters, stellar structure and evolution theories can be tested (Pols et al. 1997; Guinan et al. 2000; White & Ghez 2001; Torres & Ribas 2002) . The analysis of eclipsing binaries can help us to understand many astrophysical problems, e.g. the O'connell effect (O'Connell 1951; Milone 1968; Davidge & Milone 1984) , which refers to the different maxima in brightness of some binary light curves; and the Algol Paradox (reviewed by Pustylnik 2005) , which refers to the phenomena that binaries seem to evolve in discord with the established theories of stellar evolution. Therefore eclipsing binaries contribute to various fields of astronomy.
The solution of an eclipsing binary light curve is a mature field. Kallrath & Milone (1999) reviewed some important physical models and codes. The most widely used one is the WD code Astrophysical Compact Halo Objects; Alcock et al. 1997) , ASAS (All Sky Automated Survey; Pojmanski 2002) and Kepler (Borucki et al. 2004) . Kepler is one of the most successful space telescopes, which was launched in 2009 and has already found 2165 eclipsing binaries Slawson et al. 2011; Matijevič et al. 2012; Conroy et al. 2014) . Circumbinary planets have also been confirmed in several Kepler systems (Doyle et al. 2011; Welsh et al. 2012; Orosz et al. 2012a,b) . The success of Kepler should be attributed to the steady space conditions and its continuous observation, which is unmatched by ground-based surveys.
In the past several years, the Antarctic plateau attracts the attention of many astronomers. It is extremely cold and dry, and has continuous polar nights. Dome A is located at longitude
77
• 06 57 E, latitude 80
• 25 08 S, 4093m above the sea level. All the results of site testing indicate that it has great potential for astronomical observations (Lawrence et al. 2008 Yang et al. 2009; Saunders et al. 2009; Zou et al. 2010) . In 2008, the Chinese Small Telescope ARray (CSTAR) was installed in Dome A and a lot of scientific data have been returned since then.
Previous works based on the CSTAR data have corrected some systematic effects and found many variable stars (Wang L. et al. 2011 (Wang L. et al. , 2013 Wang et al. 2012 Wang et al. , 2014a Meng et al. 2013) . In this paper, we present our work on identifying eclipsing binaries from the CSTAR data.
This paper is arranged as follows. Section 2 describes instruments, the strategy of observations and data preparation. Section 3 shows the methods of searching eclipsing binaries and gives the eclipsing binary catalog. Section 4 computes parameters for different types of eclipsing binaries. Section 5 analyzes the ETVs of semi-detached and contact binaries. Section 6 presents parameter distributions and discusses several interesting systems. Section 7 concludes our work.
INSTRUMENTS AND OBSERVATIONS
CSTAR is the first Antarctic telescope array designed and constructed by China. It contains four Schmidt-Cassegrain telescopes. Each CSTAR telescope has a pupil entrance aperture of 14.5 cm with a focal ratio of f/1.2. The small aperture allows CSTAR to cover a large field of view of 4
• .5 × 4
• .5. Each focal plane has a 1 k × 1 k frame-transfer CCD with a pixel size of 13 µm, giving a plate scale of 15 /pix. Three of the CSTAR telescopes have fixed filters: g, r, and i, similar to those used by the Sloan Digital Sky Survey (SDSS). Their effective wavelengths are 470 nm, 630 nm, and 780 nm (see Zhou et al. 2010b , table 1). The fourth telescope has no filter.
All the telescopes are fixed pointing at the direction near the Celestial South Pole. Therefore, stars travel circularly in the FOV. and hard disks (Yang et al. 2009 ). Fortunately one telescope with i-band filter worked well from observation mode of CSTA may appear variable signature. They should be removed from the variable candidates before confirming eclipsing binaries. In this section, we describe the design of the eclipsing binary catalog.
Searching Periodic Signals
In the first step, periodic signals are extracted from each light curve. A bin size of five minutes has been adopted to filter out extremely high frequency noises because CSTAR has a very short cadence. Periodic signals are recognized using three methods: Lomb-Scargle (Lomb 1976; Scargle 1982) , Phase Dispersion Minimization (PDM; Stellingwerf 1978; Schwarzenberg-Czerny 1989) , and Box Least Squares (BLS; Kovács et al. 2002) . We set the range of period scan from 0.1 to 30 days for PDM and BLS method. While for Lomb-Scargle method the lower limit is increased to 1.05 day. For each light curve, we calculate its Lomb-Scargle signal-to-noise ratio R, PDM statistic Θ (see Stellingwerf 1978, Equation ( 3)), and Signal Detection Efficiency SDE (see Kovács et al. 2002, Equation (6) ). A false alarm probability of 10 −4 is assigned to Lomb-Scargle method to get the power threshold σ LS . We set
where S LS is the power of the highest peak in the Lomb-Scargle periodogram. Higher R value indicates more significant periodic signal. Θ is between 0 and 1. Lower Θ value indicates more significant periodic signal. SDE can reflect the effective signal-to-noise ratio of eclipses. It has been discussed detailedly by Kovács et al. (2002) . We choose the criteria
where the subscript "c" represents "criteria". • Distance less than ten pixels to a saturated star.
• Period equals one Sidereal Day or diurnal harmonics.
• Variable trend resemble that of its neighborhood.
Classification of Eclipsing Binaries
All remaining light curves after culling false positives are manually inspected to exclude variables with similar shapes as eclipsing binaries, e.g. -11 -
The frequency spectrums of ECs and δ Scutis are different. δ Scuti light curves exhibit variations due to both radial and non-radial pulsations of the star's surface. Therefore the frequency spectrum of a δ Scuti usually contains more peaks caused by the multi-mode pulsations.
Whereas the frequency spectrum of an EC light curve contains only one strong signal and harmonics of the signal. For CSTAR data with a short cadence of ∼30 s, the harmonics are usually very weak. We calculate the frequency spectrums of all sinusoidal variables using Lomb-Scargle method from 0.025 day to 0.95 day for further reference.
ELL light curves exhibit sinusoidal variations due to the changing emitting area toward the observer. We adopt the LLE method proposed by Matijevič et al. (2012) to distinguish ECs and ELLs. LLE is a nonlinear dimensionality reduction technique. This method has been applied to KEPLER data to classify eclipsing binary light curves and it turns out to be successful. LLE can remember the local geometry of a higher dimensional data set, and reconstruct a lower dimensional projection with the same local geometry. Therefore light curves with similar features will stay adjacent to each other in the lower dimensional projection. We generate 1000 EC light curves and 1000 ELL light curves using PHOEBE package, respectively. The amplitudes of these light curves are scaled to the [0,1] interval. The light curves are sampled at 100 equidistant phases; in other words, each light curve can be treated as a point in a D = 100 dimensional space.
To preserve the local geometry, every light curve is characterized by a linear combination of its k = 20 neighbors. We reduce the D = 100 dimensional space to a d = 2 dimensional space. The final two-dimensional LLE projection is shown in Figure 2 . Each point represents a light curve sampled at 100 equidistant phases. Sampled EC light curves (red circles) are clustered in the red region, and sampled ELL light curves (blue circles) in blue region. Three light curves fall into the ELL region. They are listed in Table 1 . The periods and ephemerides of the ELLs are derived in Section 4.
Combining visual inspection, frequency spectrum analysis, and LLE technique, eclipsing . Longer observation time and unprecedented precision of
Kepler make it sensitive to find long-period EDs. Our result lies between the two projects.
ECLIPSING BINARY PARAMETERS
In this section we give the binary parameters as shown in Tables 2-5 . Two methods are applied to determine the accurate periods and ephemerides. The first one is the classical O-C method. Epochs of minimum light are given by K-W method (Kwee & van Woerden 1956) . Then a linear fit of the epoches is performed to derive the period and ephemeris, as described by Zhang et al. (2014) . For the second method, prior to the linear fit, we adopt a polynominal fit to determine the epoches of the light minima instead of the K-W method. Details are described in section 5.1.
These two methods are performed separately and the results with higher precisions are adopted.
With the previous obtained periods and ephemerides, physical parameters of these eclipsing binaries are computed using the EBAI method. EBAI introduces artificial neural networks to learn the characteristics by training on large data sets. Then the knowledge is applied to recognize physical parameters of new eclipsing binaries. Prša et al. (2008) have described the principles of the method. Test results of applying it to EDs from CALEB and OGLE database point to significant viability. Prša et al. (2011) and Slawson et al. (2011) have discussed how to choose principal parameters for ED, ESD, and EC (see Prša et al. 2011 , Table 2 ). We use the parameters they recommended. First, we ran the PHOEBE package to generate modeled eclipsing binary light curves for the training process. PHOEBE is a modeling package for eclipsing binaries 
Parameters of Detached and Semi-detached Binaries
For EDs and ESDs, we choose five principal parameters: the temperature ratio T 2 / T 1 , which determines the eclipse depth ratio; the sum of fractional radii ρ 1 + ρ 2 , which determines eclipse width; the eccentricity e and the argument of periastron ω in orthogonal forms e · sinω and e · cosω, which determine the separation between primary and secondary eclipse; the sine of inclination sin i, which determines the eclipse shape. We generate 30, 000 simulated light curves by randomly sampling the five parameters as a training set for EBAI. After 200, 000 training iterations, a correlation matrix which can recognize parameters from eclipsing binary light curves is generated. We test the correlation matrix with 30, 000 unknown light curves. The recognizing results and the parameter error distributions are shown in Figure 3 . All the parameters have been linearly scaled to the [0.1,0.9] interval by EBAI. The ranges of the parameters are shown in Table   2 .
We fold the observed light curves to one period, normalize the flux and time, and fit the profiles with a bin size which is the same with the modelled light curves. Parameters are obtained rapidly by applying the trained EBAI matrix to the folded light curves, as shown in Tables 3 and   4 . The light curve of CSTAR J183057.87-884317.5 only shows primary eclipses. However, it has been found as an ED system with a high radial velocity amplitude of 12 km/s by Wang et al. (2014b) . We list it in the ED catalog but do not calculate its parameters. 
Parameters of Contact Binaries
For ECs, there is no handle on eccentricity and argument of periastron. Instead, the lobe-filling configuration of a contact system links the Roche model with the radii of the components. As a result the photometric mass ratio q can be estimated. In order to describe the contact degree, the fillout factor F is given by Prša et al. (2011) :
where Ω (see Wilson & Devinney 1971 , Equation (1)) is the surface potential of the common envelope, Ω L 1 is the potential at the inner Lagrangian surface and Ω L 2 is the potential at the outer Lagrangian surface. A star in a contact system will transfer mass to its companion through the the inner Lagrangian point L 1 , or lose mass through the the outer Lagrangian point L 2 .
From the above consideration, four principal parameters are chosen for EC: T 2 / T 1 , q, F, and sini. The network is trained on 20, 000 simulated light curves for 1, 000, 000 iterations. We test the correlation matrix with 10, 000 unknown EC light curves. The recognition results and the parameter error distributions are shown in Figure 5 . We apply the correlation matrix to EC light curves of CSTAR. The parameters are given in Table 5 . Figure 6 shows some EC light curves.
ECLIPSE TIMING VARIATIONS
Companions are common around binary stars. It is suggested that close binaries are formed as a result of tidal friction and Kozai cycles in a multiple-star system (Bonnell 2001; Fabrycky & Tremaine 2007) . Spectroscopic observations also support such scenario (Tokovinin 1997; Tokovinin et al. 2006) . The perturbation of the tertiary companion may change the eclipse Table 2 . Ranges of parameters.
ED/ESD EC
[0. Note. Columns 1-5 are parameter ranges of EDs and ESDs: temperature ratio, the sum of fractional radii, eccentricity, the argument of periastron, and inclination. Columns 6-9 are parameter ranges of ECs: temperature ratio, mass ratio, fillout factor, and inclination. Note. Columns 1-10 represent CSTAR ID, magnitude, the reference time of primary minimum, period, crowding, temperature ratio, the sum of fractional radii, the radial component of eccentricity, the tangential component of eccentricity, and the sine of inclination. J represents J2000.0. The errors of the physical parameters follow the distributions as shown in Fig 3. -18 - Note. Columns 1-10 represent CSTAR ID, magnitude, the reference time of primary minimum, period, crowding, temperature ratio, the sum of fractional radii, the radial component of eccentricity, the tangential component of eccentricity, and the sine of inclination. J represents J2000.0. The errors of the physical parameters follow the distributions as shown in Note. Columns 1-9 represent CSTAR ID, magnitude, the reference time of primary minimum, period, crowding, temperature ratio, mass ratio, fillout factor, and the sine of inclination. J represents interval by EBAI. Their actual ranges are given in Table 2 .
-21 - Other origins contributing to ETVs include star spots, mass transfer, spin-orbit transfer of angular momentum and orbit precession. Spin-orbit transfer of angular momentum is ignored in this paper because it changes the eclipse mid-times in the order of 10 −5 of the orbital period (Applegate 1992) . Eccentricities of our short-period ECs and ESDs are close to zero due to tidal friction.
Therefore their orbit precession can also be ignored. ETVs caused by star spots are discussed in Section 5.2. We do not calculate ETVs for EDs because of limited eclipses during the observation span.
Computing Method of Eclipse Timing Variations
To estimate the primary eclipse mid-times, a simple linear increment is applied with known eclipse epoch and period. Then the whole light curve is divided into a lot of small segments.
Each segment centres around a primary eclipse mid-time. We exclude segments with fewer points because such segments can reduce the fit precision. To get the eclipse template we fold all remaining segments. The template is fit using the following function (see Rappaport et al. 2013, equation (2)) :
where f is the eclipse flux, f 0 is the minimum flux, t is the eclipse time and t 0 is the eclipse mid-time. Observed mid-times are obtained by comparing each segment with the theoretical template. All the other parameters except the eclipse mid-time are fixed the same as the template when comparing. A linear fit is applied to all the fitted mid-times. The differences between the fitted mid-times and their linear trend are ETVs. The same processes are applied to secondary eclipses to derive secondary ETVs.
Analysis of Eclipse Timing Variations
The relationship between the primary and the secondary ETVs for a binary system may be correlated or anti-correlated. The correlation can be explained with a tertiary companion (Conroy et al. 2014) ; and the anti-correlation may be attribute to sun spots (Tran et al. 2013) . However, when observed ETVs are less than one cycle, it is necessary to consider a probability of mass transfer. Conroy et al. (2014) adopt a Bayesian Information Criterion to distinguish the two cases.
To check the relationship between the primary and the secondary ETVs, we choose a similar method as searching planets (Steffen et al. 2012) . ETVs are fitted using the following function (see Yang et al. 2013 , Equation (2)):
where A, B, C, and D are model parameters; and P is the test period. P is increased from 20 to 100 days with a step of 0.1 day. The degree of correlation is estimated by:
where the subscripts "p" represents "primary" and "s" represents "secondary"; σ A , σ B , σ C and σ D are uncertainties of A, B, C, and D. The maximum |Ξ| is adopted, which represents the degree of correlation. Positive Ξ represents correlation and negative Ξ represents anti-correlation.
To confirm correlated ETVs, we calculate the false alarm probabilities (FAPs) by a bootstrap randomisation process: the ETVs are randomly scrambled 10 4 times to obtain corresponding anti-correlated ETVs. For a correlated system, we sum its primary and secondary ETVs and divide the sum by two as the synthetic ETV of the binary system. If there is only primary eclipse or only secondary eclipse in one orbital period, then the ETV of the available eclipse is approximated as the synthetic ETV directly. To derive the parameters of the third companion, the synthetic ETV is fitted using a triple-star model Conroy et al. 2014) :
where
where subscript "3" represents the third companion, A is the amplitude, e 3 is eccentricity, P 3 is orbital period, u 3 (t) is eccentric anomaly, M 3 (t) is mean anomaly, i 3 is inclination, ω 3 is argument of periastron, and m 123 is the mass of the whole system. The parameters we choose to give are A, e 3 , P 3 , and ω 3 . We fix the period corresponding to the maximum Ξ. Other parameters are changeable. For a more reliable fit, we choose Markov Chain Monte Carlo (MCMC) method instead of Levenberg-Marquardt algorithm. The results are shown in Table 6 .
RESULTS
We identify and classify 53 eclipsing binaries, containing 24 EDs, 8 ESDs, 18 ECs, and 3
ELLs. The distributions of their physical parameters are shown in Figure 9 . Some EDs may be in the dynamically hot stage because of high eccentricities. We plot four EDs with eccentricities higher than 0.1 (CSTAR J000116.84-874402.9, J200218.84-880250.0, J083940.85-873902.3, and Fig. 7.-Primary (blue) , secondary (red) and synthetic (black) ETVs of CSTAR J220502.55-895206.7. Synthetic ETV is the half of the sum of primary and secondary ETVs. The parameters of the third body are derived by fitting Equation (5) with Synthetic ETV. ETV data are marked using filled circles with error bars, and the fit result of synthetic ETV is marked using thick line. .26-881604.3 (bottom) . Primary and secondary ETVs are fitted using Equation (3), respectively. ETV data are marked using filled circles with error bars, and fit results are marked using thick lines.
-27 -folded light curves appear asymmetry in brightness as shown in Figure 12 . ETV analyses present systems with correlation and anti-correlation between the primary and the secondary eclipses, respectively. The systems mentioned above are discussed as follows.
Binary Parameters and Typical Characteristics
Eclipsing binary parameters are given in Tables 3-5 . The distributions of the physical parameters (see Table 2 ) are shown in Figure 9 . Because samples in this paper are limited, we use a large bin size to test some typical characteristics.
For detached and semi-detached systems, the eclipse depth ratio reflects the temperature ratio. In the condition of equal depth eclipses its value is 1. The temperature ratios of the EDs and ESDs in this paper center around the value lower than 1. Prša et al. (2011) explain that it is because the orbital eccentricity and star radii can affect the eclipse depth, thus increasing the scatter when the temperature ratio approaches to 1. The inclinations are close to 90
• for detached and semi-detached systems. This is because eclipses can only be seen in the edge-on geometrical configuration when the two components are not very close. The sum of the fractional radii distribute around 0.1 for EDs and 0.6 for ESDs.
What is interesting for EDs and ESDs is their eccentricity distribution. Most of the eccentricities are close to zero. However, the highest eccentricity can reach 0.679 (CSTAR J200218.84-880250.0). Hut (1981) analyzes the tidal evolution of binaries and concludes that the time scale of circularization can be a relatively slow process. Mazeh (2008) plots the eccentricities as a function of the orbital periods using all the 2751 binaries from the official IAU catalog of spectroscopic binaries (SB9). He derives an "upper envelope" to constrain the binary eccentricity (see Mazeh 2008, Equation (4.4) ):
-28 -where E = 0.98, A = 3.25, B = 6.3, and C = 0.23. The EDs and ESDs in this paper are all below the upper envelope as shown in Figure 11 . Two detached systems (CSTAR J200218.84-880250.0 and J022528.30-875808.9 ) at the upper right of Figure 11 have longer periods and larger eccentricities. Such systems have experienced less of the circularization process. Therefore they are important to investigate how circularization process can affect the binary components by comparing high-eccentricity binaries with circular binaries (Shivvers et al. 2014 ).
For contact systems, the two lobe-filling components can transfer mass to each other through the inner Lagrangian point. They are easy to reach a thermal contact because of the common envelope. Therefore their temperature ratios center around 1 as shown in Figure 9 (a).
The relatively larger size of the Roche lobe also relax the limitation of edge-on geometrical requirement. ECs with lower inclinations can be detected as shown in Figure 9 (b). The photometric mass ratios of ECs peak at 1. The fillout factors for the ECs are not roughly uniform because overcontact systems and close-to-contact systems contribute to the peak at 1.
Light Curves with O'Connell Effect
Many CSTAR phased light curves of ECs and ESDs appear different maxima in brightness as shown in Figure 12 . These light curves have been phased and binned to 5000 points equally spaced. Such phenomenon is called O'Connell effect (O'Connell 1951; Davidge & Milone 1984) .
The O'Connell Effect can be quantitatively expressed by measuring the difference between the two out-of-eclipse maxima
where m I and m II are the peak magnitude after primary minimum and secondary minimum, respectively. To derive m I and m II , we fold each light curve with its orbital period and fit the parts centered around each maximum using Equation (2). (e) mass ratio, and (f) fillout factor. The black line is the upper envelope derived by Mazeh (2008) to constrain the binary region. All the 2751 binaries from the SB9 catalog are used to obtain the expression of the upper envelope.
EDs and ESDs in this paper are marked with black dots. Mullan (1975) proposed that large toroidal magnetic fields may be generated because of enforced rapid rotation in deep convection zones of contact binaries. EDs. Davidge & Milone (1984) have a discovery that the O'Connell effect of detached systems is correlated with the color index significantly. Therefore O'Connell effect may be caused by more than one mechanism. More eclipsing binaries with different color index are needed to study it.
Eclipse Timing Variations for Binaries
ETVs are useful for studying the apsidal motion, mass transfer and loss, solar-like activities in late-type stars, light-time effect of a third companion, etc. They are helpful in understanding the formation and evolution of binary systems. Light curves of short-period binaries from the Antarctica are available for tens of days thanks to the polar nights. Therefore their ETVs are more continuous.
We only calculate ETVs for semi-detached and contact binaries. Spin-orbit transfer of angular momentum (Applegate 1992) does not create observable signals because their orbital periods are very short and the best precision of our ETVs is 1 min as shown in Figure 7 . Apsidal motion is ignored because the eccentricities of semi-detached and contact binaries are close to zero.
Systems with potential large spots are shown in Figure 8 . For each system, we can see Table 5 ). In this paper we analysis the other system CSTAR J220502.55-895206.7.
The ETVs of CSTAR J220502.55-895206.7 are given in Figure 7 . Parameters of the close-in third body are given in Table 6 . The orbital period of the third body is 25.36 day, indicating a close distance from the binary. Because the mass of the third companion and the orbital inclination are coupled in the amplitude, we cannot tell the nature of the third companion. In this work, we analyze each light curve using the Lomb-Scargle, Phase Dispersion Minimization, and Box Least Squares method to search variables. To pick out binaries from the variables, the period, the CCD position, and the morphology of the light curves are compared and checked. Finally, we discover 53 eclipsing binaries in the field of view of CSTAR. Therefore, the binary occurrence rate is 0.26% concerning the ∼ 20, 000 sources in the master catalog. It is lower compared with 0.8% of Hipparcos and 1.2% of Kepler, but close to OGLE binary occurrence rate of 0.2% for all stars. There are more EDs and ESDs than ECs, as indicated by Kepler.
The parameters of the eclipsing binaries are calculated by using the PHOEBE package and EBAI pipeline. For different types of eclipsing binaries, we choose different parameters. The general statistical characteristics of the parameters are similar with KEPLER. Since the number of the eclipsing binaries in this paper is limited, it is not possible to investigate detailed statistical characteristics. However, individual systems on the edge of the parameter distributions are still of concern. Some detached binaries are found to be very eccentric. We check their eccentricities in the period-eccentricity diagram offered by Mazeh (2008) , and the eccentricities are all within the restricted area. Eccentric binary orbit indicates dynamical hot stage. Therefore such systems are valuable to study the evolution of binaries and the impact of circularization process on binary components.
Antarctic polar nights also offer good opportunities to investigate light curves detailedly and continuously. For short-period variables, observations can be taken during the whole orbital period without interruption. Therefore, it is very efficient to analyze the variations of some physical quantities, such as ETV. We calculate the ETVs for all semi-detached and contact systems. The precision of CSTAR ETVs can achieve one minute at 9 mag, which can reveal the existence of a massive third companion. The ETV analyses present (1) two systems with correlated primary and secondary ETVs, implying potential companions; and (2) another two systems with anti-correlated primary and secondary ETVs, implying star spots. The orbital parameters of the third boy in system CSTAR J220502.55-895206.7 are derived using a triple-star dynamical model.
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